The Xenopus gene crescent encodes a member of the secreted Frizzled-related protein (sFRP) family and is expressed in the head organizer region. However, the target and function of Crescent in early development are not well understood. Here, we describe a role of Crescent in the regulation of convergent extension movements (CEMs) during gastrulation and neurulation. We show that overexpression of Crescent in whole embryos or animal caps inhibits CEMs without affecting tissue specification. Consistent with this, Crescent efficiently forms complexes with Xwnt11 and Xwnt5a, in contrast to another sFRP, Frzb1. As expected, the inhibitory effect of Crescent or Xwnt11 on CEMs is cancelled when both proteins are coexpressed in the neuroectoderm. Interestingly, when coexpressed in the dorsal mesoderm, the activity of Xwnt11 is rather enhanced by Crescent. Supporting this finding, the inhibition of CEMs by Crescent in mesodermalized but not neuralized animal caps is reversed by the dominant-negative form of Cdc42, a putative mediator of Wnt/Ca 2C pathway. Antisense morpholino oligos for Crescent impair neural plate closure and elicit microcephalic embryos with a shortened trunk without affecting early tissue specification. These data suggest a potential role for Crescent in head formation by regulating a non-canonical Wnt pathway positively in the adjacent posterior mesoderm and negatively in the overlying anterior neuroectoderm. q
Introduction
In early vertebrate embryogenesis, the Spemann organizer in amphibians or the equivalent tissue in other organisms plays a central role in establishing the embryonic body axes (Harland and Gerhart, 1997; Smith and Schoenwolf, 1998) . In this process, anteroposterior patterning and morphogenetic movements of the neural and mesodermal tissues occur cooperatively. It has been proposed that the morphogenetic movements during gastrulation in Xenopus embryos are driven by a dramatic coordinated cell rearrangement, involving involution and convergent extension movements (CEMs). During involution, dorsal marginal zone (DMZ) cells start to intercalate, resulting in mediolateral narrowing (convergence) and subsequently in anterior-posterior lengthening (extension) (Keller et al., 1992) . The DMZ includes a subpopulation of cells in the Spemann organizer that correspond to the posterior dorsal mesoderm, functionally called the trunk organizer. In contrast, cells in the deep layer of the Spemann organizer, including the anterior endomesoderm, which is thought to correspond to the head organizer, show negligible CEMs (Keller et al., 1989) . Therefore, in terms of CEMs, the organizer region can also be divided into two regions: the chordal region, which actively undergoes CEM, and the anterior endomesoderm region, which does not. However, the mechanisms by which CEMs are excluded from the anterior region to allow proper head formation are poorly understood.
Various factors involved in CEMs have been isolated, and their functions have been extensively studied. In Xenopus and zebrafish, Wnt5a, Wnt4, and Wnt11 affect Mechanisms of Development 122 (2005) the morphogenetic movements of the ectodermal and mesodermal tissues at gastrula and neurula stages, and inhibit the elongation of animal caps treated with a mesodermalizing factor, activin, in the Xenopus system (Christian and Moon, 1993; Du et al., 1995; Heisenberg et al., 2000; Ungar et al., 1995) . It has been shown that Wnt5a stimulates the Wnt/Ca 2C pathway in which Ca 2C release and protein kinase Ca (PKCa) activation are involved (Sheldahl et al., 1999; Slusarski et al., 1997) . The analysis of zebrafish mutant silberblick/wnt11 has shown that Wnt11 is required for CEMs (Heisenberg et al., 2000) . Whereas the canonical Wnt signaling is transduced through b-catenin, the regulation of CEMs by Wnt11 takes place through a non-canonical Wnt signaling pathway similar to that involved in the planar cell polarity (PCP) signaling pathway in Drosophila (Heisenberg et al., 2000) . The components of non-canonical Wnt signaling include Frizzled 7 (Xfz7) (Djiane et al., 2000; Winklbauer et al., 2001) , the Rho family GTPase, Cdc42 (Djiane et al., 2000) , Rho, and Rac (Habas et al., 2003; Tahinci and Symes, 2003) , Dishevelled (Dsh) (Sokol, 1996; Wallingford et al., 2000) , and so on, most of which have been suggested to mediate the regulation of CEMs in Xenopus embryos. Dsh is a multifunctional protein involved not only in the canonical Wnt signaling pathway that regulates cell fates but also in the non-canonical Wnt signaling pathways. In addition, we have shown that a receptor tyrosine kinase, Xror2, which is expressed in the organizer and also in the posterior regions of both the axial mesoderm and neuroectoderm, forms complexes with several Wnts, and affects CEMs through Cdc42, implying that Xror2 is a newly identified modulator of Wnt signaling (He, 2004; Hikasa et al., 2002; Oishi et al., 2003) . It has been noted that dominant negative Xwnt11 inhibits CEMs and blastopore closure, as does wild-type Xwnt11 (Heisenberg et al., 2000) . Similarly, overexpression of wild-type or dominant negative Dsh leads to a similar phenotype with a shortened body axis (Wallingford et al., 2000) , suggesting that a certain level of PCP signaling must be maintained for proper CEMs in the posterior region.
In the previous study, we identified the Xenopus orthologue of chick crescent, a member of the secreted Frizzled-related protein (sFRP) gene family, together with another two laboratories who also independently identified the Xenopus crescent gene (Bradley et al., 2000; Pera and De Robertis, 2000; Pfeffer et al., 1997; Shibata et al., 2000 Shibata et al., , 2001 ) (also designated frzb2). The Xenopus gene crescent is first expressed in the deep layer of the organizer in the early stages of gastrulation, and later, expressed in the anterior endomesoderm until the late neurula stages. Crescent is a secreted protein with a Frizzled-like cysteine-rich domain (CRD), and is expected to bind to some Wnts to inhibit their activity, as has been shown for other sFRP family members. Although Frzb1, FrzA, and sFRP1 have been shown to inhibit the canonical Wnt signaling by binding to Wnt1, Wnt2, Wnt8, and Drosophila Wingless (Dennis et al., 1999; Finch et al., 1997; Leyns et al., 1997; Lin et al., 1997; Xu et al., 1998) , sFRP family members that inhibit noncanonical Wnt signaling have not been described yet. Crescent has an activity distinct from that of Frzb1, because overexpression of Crescent in the animal pole region or the DMZ of embryos leads to reduced head structures (Bradley et al., 2000; Pera and De Robertis, 2000) . It was also reported that crescent is involved in cardiogenesis in Xenopus (Pandur et al., 2002; Schneider and Mercola, 2001) . However, the biochemical features of Crescent and its role in early embryogenesis have not been elucidated.
In this paper, we show that Xenopus Crescent forms complexes efficiently with several Wnts, including Xwnt11 and Xwnt5a as well as Xwnt8, and is required for the convergent extension, neural tube closure, and head development. We also show that, interestingly, Crescent does not always inhibit Wnt signaling, but modulates the activity of Xwnt11 in different ways in the mesoderm and neuroectoderm.
Results

Crescent affects gastrulation movements but not the expression of axial mesoderm or neural markers in the whole embryo
Overexpression of Crescent in the animal pole region or the DMZ of embryos leads to severe dorsal flexure phenotypes at tailbud stages (data not shown), implying that these phenotypes may be due to the inhibition of proper morphogenetic movements during gastrulation and neurulation. To assess this possibility, we analysed how cells expressing Crescent are distributed. A mixture of crescent and nb-gal mRNAs was coinjected on the left side of the dorsal equatorial region at the four-cell stage. As shown in Fig. 1A , nb-gal-positive globin-expressing control cells were restricted to the region along the midline of the trunk, indicating that normal CEMs had occurred (Fig. 1Aa) . In contrast, Crescent-expressing cells remained stacked anterior to the blastopore (Fig. 1Ab) . Moreover, blastopore closure was delayed, and neural tube closure was significantly impaired in those embryos, whereas Frzb1-expressing cells were distributed almost normally along the dorsal midline (Fig. 1Ac) .
The tissue specification of dorsal structures in Crescentoverexpressing embryos was analyzed by whole-mount in situ hybridization for a notochord marker, XPA26 (Hikasa and Taira, 2001 ), a somite marker, XmyoDa (Hopwood et al., 1989) , and a neural marker, sox2 (Mizuseki et al., 1998) , at late neurula stages (stages 17-18) (Fig. 1B) . To compare the activity of Crescent with that of Frzb1, we used the FLAG-tagged constructs, Crescent-FLAG (Cres-F) and Frzb1-FLAG (Frzb1-F), to assess that those proteins are expressed at equivalent levels. Using western blotting with anti-FLAG antibody, equivalent amounts of Cres-F and Frzb1-F proteins were detected in embryos injected with . (e-m) Embryos at neurula stages 16-17 were stained for b-gal (red), and subjected to whole-mount in situ hybridization for XmyoDa (e-g), XPA26 (h-j), or sox2 (k-m). Dorsal view; anterior is upwards. (C) and (D) Expression of early marker genes in injected embryos. Four-cell-stage embryos were injected with mRNA, as indicated, with nb-gal mRNA on the left (C) or both sides (D) of the dorsal equatorial region. Embryos at the gastrula (stage 10.5 or 11) or mid neurula stage (stage 14), as indicated, were stained for b-gal and subjected to whole-mount in situ hybridization for goosecoid (gsc) and Xotx2 (C), or for Xbra (D the same amounts of mRNAs (Fig. 1Ba ,a 0 ). Embryos injected with these mRNAs showed phenotypes quite similar to those injected with mRNAs for the wild-type proteins at the same concentrations ( Fig. 1Bb-d) . Although injection of cres-F mRNA at higher doses (more than 50 pg per blastomere) reduced the expression of XmyoDa in whole embryos (not shown), injection at the lower dose of 25 pg per blastomere led to negligible reduction in XmyoDa expression in the area in which nb-gal and Cres-F are expressed (Fig. 1Bf) , but severe dorsal flexure still occurred (not shown). In contrast, injection of frzb1-F mRNA did not seem to affect the expression level or pattern of XmyoDa at a dose of 25 pg per blastomere (Fig. 1Bg) , nor did it affect the CEMs of injected cells. In Cres-F-expressing embryos, the notochord (marked by XPA26 expression) formed but did not fully elongate anteriorly (Fig. 1Bi) . Most of the notochord remained just anterior to, or extended ventrolaterally along, the blastopore. Neural specification, visualized by sox2 expression, also appeared to occur but the neural plate was not correctly shaped and did not elongate (Fig. 1Bl) . In Frzb1-F-expressing embryos, the sox2 expression domain converged medially as normal embryos, although the level of sox2 expression was slightly reduced (Fig. 1Bm) . These results suggest that Crescent but not Frzb1 regulates CEMs during gastrulation and neurulation without affecting dorsal tissue specification or differentiation.
We also analyzed early marker genes. During the gastrula to mid neurula stages, the expression levels of the head organizer marker goosecoid (Cho et al., 1991) and the head organizer and anterior neural marker Xotx2 (Pannese et al., 1995) , or the early posterior mesodermal marker Xbra (Smith et al., 1991) , were not dramatically affected in the nb-gal-positive and Crescent-overexpressing region (Fig. 1C,D) . This data suggests again that the dorsal flexure caused by Crescent is not due to the impairment of the mesoderm formation and patterning (Fig. 1C,D) . In some embryos overexpressing Crescent at a higher dose (100 pg/ embryo), spotted expression of Xbra was observed ( Fig. 1D , arrowhead; eight of 25 embryos), probably owing to either ectopic activation of Xbra or disorganized cell migration. In contrast, overexpression of Frzb1 (100 pg/embryo) greatly reduced the expression of Xbra (Fig. 1D ), probably interfering with the canonical Wnt ligand(s) necessary for Xbra expression (Vonica and Gumbiner, 2002) . These data imply that Crescent but not Frzb1 affects a noncanonical Wnt signaling regulating the CEMs. However, as shown in Fig. 1E , Crescent could also inhibit the canonical Wnt signaling, because it inhibited Xwnt8-induced secondaryaxis formation, similar to that with dkk1 mRNA, though embryos rescued by Crescent showed dorsally kinked phenotypes as observed above, in contrast to normallooking embryos rescued by Dkk1. These data will be in good agreement with coimmunoprecipitation data with Crescent (or Frzb1) and Wnts as shown below.
Crescent inhibits CEMs in animal cap assays
We further examined the inhibitory activity of Crescent on CEMs using animal cap assays, as a simpler system than that using whole embryos. As shown in Fig. 2A , Crescent effectively blocked the animal cap elongation induced by activin treatment, whereas Frzb1 did not. Mesoderm specification was monitored with XPA26. XPA26 was induced in the activin-treated animal caps as well as in the activin-treated and Crescent-overexpressing animal caps (Fig. 2B) . Xwnt11 also inhibited CEMs as reported (Djiane et al., 2000) , but did not abolish XPA26 expression. We next examined whether Crescent affects CEMs in neural tissue using XBF2/FoxD1-overexpressing animal caps. XBF2 upregulates several neural markers and induces morphological elongation without mesoderm induction when overexpressed in animal caps, which mimics the CEMs in the posterior neural plate (Mariani and Harland, 1998; Wallingford and Harland, 2001) . Crescent, as well as Xwnt11, strongly inhibits the elongation of neuralized animal caps without inhibiting neuralization, monitored as the expression of nrp1 (Fig. 2C) .
To examine whether Crescent can diffuse across cells and affect cell movements, we used an animal cap conjugation assay as outlined in Fig. 2D . The elongation of XBF2-overexpressing animal caps was effectively blocked by conjugation with Crescent-expressing caps, but not by conjugation with Xwnt11-expressing caps (Fig. 2D ). These data suggest that Crescent can diffuse from the Crescent-expressing cap to the adjacent BF2-expressing cap to inhibit its CEMs, but Xwnt11 cannot.
CRD is necessary for crescent activity
Because the CRDs of sFRPs are thought to be responsible for their inhibition of target Wnts through direct physical interactions (Finch et al., 1997; Hsieh et al., 1999; Rattner et al., 1997) , we investigated whether Crescent activity and the affinity of Crescent for Wnts in the embryo depend on the CRD. For this purpose, we constructed Cres-FZD1-F, a FLAG-tagged Crescent mutant that lacks 20 amino acids, including the second cysteine in the CRD, based on the study of Hsieh et al. (1999) and our data for Xror2 (Hikasa et al., 2002) . Overexpression of Cres-FZD1-F failed to elicit embryos with dorsal flexure (Fig. 3A) , and failed to block the elongation of activintreated animal caps (Fig. 3B ), suggesting that Crescent action on CEMs depends on the integrity of the CRD.
Physical interactions between crescent and the Wnts that transduce non-canonical Wnt signaling
To identify the binding targets of Crescent, Myc-tagged Wnts that transduce canonical Wnt signaling (Xwnt8 and Xwnt3a) or non-canonical Wnt signaling (Xwnt11, Xwnt5a, and mouse Wnt4) were coimmunoprecipitated with Cres-F, and, for comparison, with Frzb1-F and the FLAG-tagged ectodomain of Frizzled 7 (Exfz7-F) using extracts from injected whole embryos. Of the Wnts examined, Xwnt8 was preferentially coimmunoprecipitated with Frzb1 ( Fig. 4A ), consistent with a previous report (Lin et al., 1997) , whereas Xwnt11 was coimmunoprecipitated with Frzb1 only weakly, and coimmunoprecipitated Xwnt5a was hardly detectable (Fig. 4A ). Xwnt11 was also coimmunoprecipitated with Exfz7-F, as reported previously (Djiane et al., 2000) (Fig. 4A) . In contrast, all the Wnt proteins examined were coimmunoprecipitated with Crescent, and the complex formed between Xwnt11 and Crescent was particularly evident (Fig. 4A,B) . Unexpectedly, Myc-tagged Xwnt11 protein was coimmunoprecipitated with Cres-FZD1-F more efficiently than with Cres-F protein (Fig. 4C) , suggesting that the intact CRD of Crescent is not required for it to form complexes with Wnt but is required for its activity, as reported previously for Frzb1 and Wnt1 (Finch et al., 1997) . To compare the Wnt-binding affinities of Crescent and Frzb1 more precisely, we injected several doses (250, 500, 1000, or 1500 pg/embryo) of cres-F or frzb1-F mRNA together with a fixed dose (500 pg/embryo) of myc-tagged Xwnt11, Xwnt5a, or Xwnt8 mRNA. The amounts of coimmunoprecipitated Wnts (Fig. 4D , upper panels) were then plotted against the amounts of immunoprecipitated Cres-F or Frzb1-F (bottom panels) to produce line graphs (bottom) that show clearly that Crescent has stronger affinity in complexes with Xwnt11 and Xwnt5a than does Frzb1, and has an affinity for Xwnt8 almost equal to that of Frzb1. These data suggest that Crescent blocks the CEMs (Figs. 1, 2) by affecting non-canonical Wnt signaling mediated by Xwnt11 and Xwnt5a and also inhibits Xwnt8-induced secondary-axis formation (Fig. 1E ) by interacting with Xwnt8, and that Frzb1 reduces Xbra and perhaps sox2 expression ( Fig. 1 ) by inhibiting canonical Wnt signaling mediated by Xwnt8 or its equivalent.
Comparison of the expression patterns of crescent with those of Xwnt11 and Xwnt5a
As described above, Xwnt11 and Xwnt5a are primary candidates for the binding targets of Crescent. To assess the timing of Crescent in regulating the activities of Wnts during gastrulation, we compared the spatial and temporal expression patterns of crescent with those of Xwnt11 and Xwnt5a using double whole-mount in situ hybridization. As shown in Fig. 5A , the expression domains of crescent and Xwnt11 are situated close together at the early gastrula stage. A detailed comparison was made with a pair of hemisectioned early-gastrula embryos; one hemisection was probed with crescent and the other with Xwnt11. As reported previously (Heisenberg et al., 2000; Ku and Melton, 1993) , Xwnt11 is expressed mainly in the surface epithelial cells of the dorsal marginal zone (Fig. 5B, right) , whereas crescent is expressed in the deep layer of the endomesoderm through the surface layer of the dorsal blastopore lip (Fig. 5B, left) . Therefore, the expression domains of crescent and Xwnt11 do not overlap but are adjacent at the early gastrula stages (stages 10.25 and 10.5).
As gastrulation proceeds, the expression domains of crescent and Xwnt11 progressively separate into the anterior endomesoderm and the surface layer of the circumblastoporal tissues, respectively, from the mid gastrula stage (stage 11; data not shown) to neurula stages (Fig. 5C,D) . These data imply that Crescent can effectively interact with Xwnt11 in the early to mid gastrula stages.
The expression patterns of Xwnt5a during the lategastrula to early-neurula stages have not been reported. The expression of Xwnt5a at the early gastrula stage was only faintly and broadly detected in ectodermal tissues (data not shown). A comparison with a pair of hemisectioned earlyto-mid-neurula-stage embryos showed that like Xwnt11, Xwnt5a expression is restricted to circumblastoporal tissues far from the crescent expression domain (Fig. 5E,F) . This expression pattern coincides well with that of zebrafish pipetail/Wnt5 (Kilian et al., 2003) . These data indicate that Xwnt11 is a good candidate for a Crescent target during the gastrula stages.
Crescent antagonizes the action of Xwnt11 on CEMs in the neuroectoderm, but enhances it in mesodermal tissue
The physical interactions and expression patterns of Crescent and Xwnt11 demonstrated above prompted us to investigate the functional interactions between these two proteins. For this purpose, we injected crescent or Xwnt11 mRNA alone or together to express the respective proteins in the neuroectoderm or axial mesodermal region. When crescent mRNA or Xwnt11 mRNA (at a range of 50-100 and 50-500 pg per embryo, respectively) alone was injected into the dorsal animal pole region that is destined to become the neuroectoderm, CEMs were similarly impaired, resulting in embryos with dorsal flexure (Fig. 6A,B ; not shown). Such phenotypes were partially abolished by the coinjection of crescent and Xwnt11 mRNAs ( Fig. 6A,B ; not shown), suggesting that Crescent can antagonize Xwnt11 signaling by physical interaction with it, and that the inhibition of CEMs by Crescent is due to the depletion of Xwnt11 or its equivalent(s) present in the neuroectoderm.
We next performed similar experiments except that mRNA was injected into the dorsal equatorial region to express Crescent or Xwnt11 proteins in the dorsal mesoderm. Unexpectedly, there was no sigh of antagonism between Crescent and Xwnt11 (at a range of 50-100 and 20-100 pg per embryo, respectively), but rather synergistic or additive effects on CEMs by the coexpression of both mRNAs. Therefore, to observe this more clearly, we used the lowest doses of Xwnt11 and crescent mRNA (50 and 20 pg per embryo, respectively), at which a single injection of Xwnt11 or crescent mRNA elicited embryos with moderate dorsal flexure. Under this condition, we found that coinjection of crescent and Xwnt11 mRNAs elicited embryos with more severe dorsal flexure than the injection of either transcript alone (Fig. 6C,D) . Fig. 4 . Physical interactions between Crescent and Wnts as assayed by coimmunoprecipitation. Experimental procedures are described in Materials and Methods. (A) and (B) Crescent interacts with Wnts that transduce non-canonical Wnt signaling (Xwnt11, Xwnt5a, and mouse Wnt4) as well as those that transduce canonical signaling (Xwnt8 and Xwnt3a). Xwnt11-Myc, Xwnt5a-Myc, or Xwnt8-Myc (A) or Xwnt8-Myc, Xwnt3a-Myc, or mouse Wnt4-Myc (B) was coimmunoprecipitated with either Cres-F (A) and (B) or Frzb1-F (A). As a positive control, Xwnt11-Myc was coimmunoprecipitated with the FLAGtagged ectodomain of Xfz7 (Exfz7-F). (C) Cres-FZD1-F forms a complex with Xwnt11-Myc. (D) Comparison of complex formation between Crescent and Frzb1 for Xwnt11, Xwnt5a, and Xwnt8. Cres-F shows a higher activity to form a complex with Xwnt11-Myc and Xwnt5a-Myc than does Frzb1-F, whereas Cres-F and Frzb1-F show similar activities for Xwnt8-Myc. Numbers in the panels indicate the amounts of cres-F or frzb1-F mRNA (ng/embryo) injected. Note that frzb1-F mRNA was injected at higher doses than cres-F mRNA to immunoprecipitate equivalent amounts of proteins. The horizontal axes indicate the amounts of Cres-F or Frzb1-F protein immunoprecipitated with anti-FLAG antibody, in arbitrary units. The vertical axes indicate the amounts of Myc-tagged Wnt proteins coimmunoprecipitated with either Cres-F (red line) or Frzb1-F (blue line), in arbitrary units. The amount of Wnt mRNAs injected was fixed at 500 pg/embryo in all experiments.
These opposite effects of Crescent on CEMs in the neuroectoderm and dorsal mesoderm were further examined using animal caps either overexpressing XBF2 or treated with activin. In XBF2-expressing caps, injection of either crescent or Xwnt11 mRNA (20 or 500 pg per embryo, respectively) alone resulted in the inhibition of elongation, whereas coinjection of both mRNAs restored the animal cap elongation (Fig. 7A,B) , supporting the observation that Crescent and Xwnt11 are competitive when expressed in the neuroectodermal region of the whole embryo (Fig. 6A,B) . We next tested the interactions between Crescent and Xwnt11 using activin-treated animal caps. Similar to dorsal equatorial injections, we detected no sign of elongation rescue by coexpression of Crescent and Xwnt11 after injection of the several different sets of mRNA doses and ratios at a range of 5-500 and 100-1000 pg per embryo, respectively (not shown). As shown in Fig. 7C ,D, whereas crescent or Xwnt11 mRNA injected at the lowest doses (5 and 100 pg per embryo, respectively) caused partial inhibition of cap elongation, coinjection of both mRNAs at these doses inhibited animal cap elongation more effectively than injection of a single transcript (Fig. 7C,D) . Supporting this, coexpression of Dsh-DN, a mediator of non-canonical Wnt signal pathway (Heisenberg et al., 2000) , with Crescent failed to restore the elongation of activin-treated animal caps (not shown). Thus, the effects of Crescent and Xwnt11 on the elongation of mesodermalized animal caps are not competitive, but rather enhancing, supporting the effect observed when they were coexpressed in the dorsal mesoderm (Fig. 6C,D) .
Functional interactions of Crescent with Dsh and Cdc42
The different effects of Crescent on Xwnt11 in the neuroectoderm and mesoderm described above could be accounted for by a difference in the affinity between Crescent and Xwnt11 in these tissues. We tested this possibility with coimmunoprecipitation assays. As shown in Fig. 8A , however, almost the same amounts of Xwnt11-Myc were coimmunoprecipitated with Cres-F in both activintreated and XBF2-overexpressing animal caps, suggesting that Crescent shows equal affinity for Xwnt11 in both tissues. To clarify whether or not Crescent actually activates intracellular Wnt signal transduction together with Xwnt11 in the mesoderm, we next analysed the level of phosphorylation of Dsh as an index of intracellular signaling in the PCP pathway. For this purpose, Myc-tagged Dsh was expressed in animal caps, and then a phosphorylated form of Dsh was detected by immunoprecipitation followed by western blotting, using the method of Tada et al. (Heisenberg et al., 2000) . Hyperphosphorylated Dsh was detected when Xwnt11 was overexpressed in animal caps treated with activin or overexpressing XBF2 ( Fig. 8B; lanes 3 and 6) . This Xwnt11-induced hyperphosphorylated Dsh was diminished by the coexpression of Crescent in both activin-treated and XBF2-expressing animal caps ( Fig. 8B; lanes 4 and 7) . Although the relationship between the hyperphosphorylation of Dsh induced by Xwnt11 and the regulation of CEMs is still unclear, these results suggest that Crescent inhibits the signal transduction pathway between Xwnt11 and Dsh in both the neuroectoderm and mesoderm. The enhancement of Xwnt11 activity and inhibition of the hyperphosphorylation of Dsh by Crescent in the mesodermal tissue observed above raises the possibility that Crescent positively regulates a non-canonical Wnt pathway in a Dsh-independent manner. Such non-canonical Wnt signaling pathway is the Wnt11/Fz7-dependent G-protein signaling pathway that is mediated by Ca 2C , PKCa, and the small GTPase Cdc42 (Choi and Han, 2002; Kuhl et al., 2000; Penzo-Mendez et al., 2003; Sheldahl et al., 1999; Slusarski et al., 1997) . In addition, a dominantnegative Cdc42 mutant (Cdc42 T17N ) rescues the inhibitory effects of Xwnt11, Xfz7, or Xror2 on the activin-induced elongation of animal caps (Djiane et al., 2000; Hikasa et al., 2002) , but either dominant-negative Rho or Rac does not (Djiane et al., 2000) . Therefore, we next examined the involvement of Cdc42 in Crescent-mediated regulation of cell movements. As shown in Fig. 8C ,D, inhibition of animal cap elongation by Crescent (bars 4, 6, 11 and 13 in Fig. 8D ) was rescued by coexpression of Cdc42 T17N (bars 5 and 7) in activin-treated caps (bars 2-9), but not in XBF2-expressing caps (bars 10-14), whereas inhibition by Xwnt11 was rescued in both mesodermalized (Hikasa et al., 2002) and neuralized animal caps ( Fig. 8D; bars 15 and 16) . Overexpression of Cdc42 T17N alone did not affect the elongation of animal cap treated with activin ( Fig. 8D ; bars 2 and 3) as reported previously (Djiane et al., 2000) . These data support the possibility that Crescent positively regulates the non-canonical Wnt pathways via Cdc42 in the mesoderm.
Crescent is required for the convergent extension, neural tube closure and head development
To analyze, the role of endogenous Crescent, we performed loss-of-function analysis of Crescent by injecting antisense morpholino oligos (MO) targeting the exon-intron boundary of crescent pre-mRNA (cresMO). We first examined whether cresMO inhibits splicing of the crescent mRNA precursor as assayed by RT-PCR to amplify DNA fragments spanning the targeted exon 1-intron 1 splice junction. In cresMO-injected embryos, wild-type 410-bp products (Fig. 9Aa, band a) decreased dose-dependently and sequence-specifically as compared to that in the control embryos, whereas approximately 2-kb products supposedly containing intron 1 increased. In addition, two extra bands were detected in cresMO-injected embryos (Fig. 9Aa, bands  b and g ). Isolation and sequencing of these bands revealed that they were 362-bp (band b) and 232-bp (band g) products derived from aberrantly spliced RNA as shown in Fig. 9Ab . The sequences around these possible cryptic splice donor sites were ATT/Ile TGC/Cys tttgat and GAC/ Asp CAC/His G gcatgt (lower cases indicate spliced sequences), which correspond to the nucleotide numbers 332-337 and 462-467, respectively (GenBank accession number AF260729). Curiously, these cryptic splice donor sites do not have the invariant gt splice sequence downstream of the exon, although the latter sequence gcatgt has some similarity to the consensus sequence gt(a/g)agt. These aberrant splicing events caused 16 amino acid-deletion in the region C-terminal to the Frizzled-like domain and a frameshift mutation in the Frizzled-like domain, respectively. Thus, cresMO is very likely to impair the function of Crescent by inhibiting proper splicing of the crescent mRNA precursor.
We then examined the effects of cresMO on embryonic development at the tailbud stage as well as the specificity of cresMO by rescue experiments with coinjected crescent mRNA. As shown in Fig. 9Ba ,b, cresMO-injected embryos showed the reduction of head structures and a shortened body axis, compared to the control embryos. These phenotypes were almost rescued by coinjection of crescent mRNA (Fig. 9Bc) . Consistent with head reduction in tailbud stage embryos, the expression domain of an anterior neural marker, Rx2A (forebrain/eye anlagen) (Mathers et al., 1997) , was reduced by cresMO at the mid neurula stage (Fig. 9Ca,b,g ), and this reduction was rescued by coinjection with crescent mRNA (Fig. 9Cc,g ). At the gastrula stage, cresMO-injected embryos showed the retardation of gastrulation (not shown). To examine CEMs and neurulation in the morphants, the expression of Dlx3 and Xhairy2a was examined. The neural plate was negatively stained with Dlx3, which is expressed in the epithelial layer of neural fold and epidermis (Feledy et al., 1999) . As shown in Fig. 9Cd ,e,h, neural tube closure was impaired in the morphants, resulting in a shorter and laterally wider neural plate. Cross sections revealed that, in cresMO-injected embryos, nb-gal-positive cells expand laterally, and the notochord is slightly enlarged and roundshaped, which differs from the small oval-shaped notochord in the control embryos (Fig. 9Cd 0 ,e 0 ). In some of the morphants, the archenteron is shrunk as shown in Fig. 9Ce 0 , probably due to defects in CEMs as observed previously (Hikasa et al., 2002) . Xhariy2a expression marks the neural plate border, cranial neural crest, thin intermediate region, and floor plate (Mizuseki et al., 1998) , as shown in Fig. 9Ci , and these expression patterns basically remained in the morphants (Fig. 9Cj) . However, the neural plate did not extend longitudinally, and the floor plate expression of Xhairy2a did not fully extend anteriorly in the morphants (Fig. 9Cj) , whereas this phenotype could be rescued by coinjection with crescent mRNA (Fig. 9Ck) . This data also suggest that reduction of Crescent function by cresMO impairs the convergent extension of neural tissue. Expression patterns of Xhairy2a in the morphant imply that tissue differentiation of the neural plate is not grossly affected by cresMO. To assess this possibility, we examined the expression of the mesodermal markers Xbra and XmyoDa, the organizer markers chordin and goosecoid, and the neural marker sox2 at the early gastrula and early neurula stages. As shown in Fig. 9D , expression levels and patterns of these markers were not largely affected in cresMO-injected embryos compared to those of the control.
Taken together, these data suggest that Crescent plays a role in the regulation of morphogenetic movements for head formation.
Discussion
In this study, we have shown that (1) overexpression of Crescent inhibits mesodermal and neural CEMs without affecting tissue specification in both whole-embryo and animal cap assay systems (Figs. 1,2) ; (2) Crescent forms a complex with Xwnt11 and Xwnt5a, which are ligands for non-canonical Wnt pathways and expressed in the region near the Crescent expression domain (Figs. 4,5) ; (3) the second cysteine-containing region of the CRD is required for Crescent activities but not for complex formation with Wnts (Figs. 3,4) ; (4) Crescent exerts both antagonistic and enhancing effects on the action of Xwnt11 in CEMs in the neuroectoderm and mesoderm, respectively (Figs. 6,7) , (5) Effects of Crescent on CEMs is rescued by Cdc42 T17N in the mesoderm but not in the neuroectoderm (Fig. 8) ; and (6) knockdown of the endogenous Crescent by morpholino oligos impairs head development and dorsal morphogenesis including neural tube closure and anterior extension of the floor plate without affecting neural and mesodermal specification (Fig. 9) . Taken together, these data suggest that Crescent regulates cell movements during gastrulation and neurulation by modulating non-canonical signaling by Wnt11 in a context-dependent manner possibly through the Wnt/Cdc42 pathway. However, the possibility still remains that Crescent also acts as an inhibitor for canonical Wnt ligands as discussed below.
Crescent is a context-dependent modulator of mesodermal and neural CEMs
Similar to Crescent, several modulators of Wnt signaling pathways, including sFRP1, Xenopus Cyr61 and Wise (Itasaki et al., 2003; Latinkic et al., 2003; Uren et al., 2000) , have been suggested as playing roles in both the activation and inhibition of the canonical Wnt pathway in a dose-or context-dependent manner. However, the molecular basis of those biphasic or dual activities has not been clarified yet. In the case of Crescent, its dual role is due neither to a change in complex forming ability for Xwnt11 (Fig. 8A) nor to enhancement of the phosphorylation of Dsh in the mesoderm (Fig. 8B) . Instead, the phosphorylation of Dsh by Xwnt11 is reduced by Crescent, probably resulting from the binding of Crescent to Xwnt11. Because the effects of Crescent and Xwnt11 on CEMs in mesodermal tissue are additive or even synergistic (Figs. 6,7 ) and the inhibition of activin-treated animal cap elongation by Crescent was rescued by coexpression of dominant negative Cdc42 ( Fig. 8C,D ; bars 4-7), we think that Crescent may inhibit some pathways of Xwnt11 that include Dsh, but may enhance other pathway(s) downstream from or parallel with Xwnt11 signaling that mediate small GTPase(s) including Cdc42. Such non-canonical Wnt signaling pathways are the Wnt/Ca 2C pathway and the Wnt11/Fz7-dependent G-protein signaling pathway, both of which activate PKCa and Cdc42 (Choi and Han, 2002; Penzo-Mendez et al., 2003; Sheldahl et al., 1999; Slusarski et al., 1997 ) independent of Dsh. Similarly, it has been shown that both Xwnt11 and Crescent can promote cardiogenesis in the mesoderm by stimulating the c-Jun N-terminal kinase (JNK) pathway (Pandur et al., 2002; Schneider and Mercola, 2001 ). Habas et al. have shown that dominant negative Cdc42 crossinhibits Rac, a downstream component of Dsh in the PCP pathway, in dorsal marginal explants, probably by titrating Rac-GEF (Habas et al., 2003) . Therefore, it is possible that Crescent activates Rac in the mesoderm. However, this seems less likely because Crescent inhibits signal transduction between Xwnt11 and Dsh, as assayed by the phosphorylation of Dsh (Fig. 8B) . In contrast, Xwnt11 but not Crescent stimulates this pathway in the neuroectoderm, because dominant negative Cdc42 can rescue the inhibition of neuralized animal cap elongation by Xwnt11 but not that by Crescent (Fig. 8C,D; bars 11-16 ). The data presented above raise the question of how the activity of Crescent is modulated in the mesoderm and neuroectoderm. One explanation is the existence of mesoderm-or neuroectoderm-specific cofactor(s) that modulates Crescent activity according to the tissue context. However, strong candidates for such cofactors have not yet emerged.
Interactions between Crescent and Wnts
Comparison of the spatiotemporal expression patterns of crescent and Xwnt11 suggests that Crescent probably interacts with Xwnt11 effectively at least until the mid gastrula stage (Fig. 5A-D) . Different from Xwnt11, Xwnt5a is first detected faintly at the mid gastrula stage (not shown), mainly in the ectodermal region, and specifically in the circumblastoporal tissues from the late gastrula and early neurula stages onwards (Fig. 5E,F) . The expression of Xwnt4 reportedly begins in the lateral ridge of neural plate and diencephalon/mesencephalon region, and Xwnt3a in the anterior end of neural fold from the mid neurula stage (McGrew et al., 1992; Wolda et al., 1993) , when the expression of crescent starts to wane. Thus, Xwnt11 is more likely to be a target of Crescent, than the other Wnts. However, it may be still possible that diffused Crescent interacts with those Wnts. In the case of the pronephros, crescent and Xwnt4 are coexpressed during the tailbud stages (McGrew et al., 1992; Shibata et al., 2000) , implying that physical and functional interactions between them would be expected in that organ. Interestingly, whereas a small deletion in the CRD abolishes the activity of Crescent (Fig. 3) , the mutant protein can still form a complex with Xwnt11 with somewhat higher affinity than can the wild-type protein (Fig. 4C ). This data indicates that the complex formation with Crescent is not enough to inhibit Xwnt11, and that the N-terminal region of the CRD is critical for Crescent functions. Similar results were reported by Lin et al., (Finch et al., 1997) , who examined the binding affinity of several CRD-deletion constructs of Frzb1 for Wnt1. They showed that while some CRD-deletion constructs form complexes with Wnt1, they lack the inhibitory activity for Wnt1. Uren et al. also reported that the CRD of sFRP1 is not necessary for Wnt binding, while the C-terminal region of sFRP1 interacts with Wingless (Uren et al., 2000) . These data suggest a possibility that sFRP protein can be functionally subdivided into the domains for the interaction with Wnts and that for the inhibition or activation of Wnt activities by binding other proteins. Those putative interacting proteins might be Wnt receptors or Crescent itself, because sFRP family members have been shown to form complexes with Frizzled receptors (Bafico et al., 1999) and CRD domains have been suggested to form hetero-or homodimers (Dann et al., 2001 ).
Roles of crescent in the head organizer region
The biological activity of Crescent agrees well with biochemical data indicating that Crescent forms complexes with Xwnt11 and Xwnt5a more efficiently than does Frzb1, whereas Crescent and Frzb1 show similar complex forming ability for Xwnt8 (Fig. 4) . Although Crescent does form a complex with Xwnt8 and inhibits the secondary axis inducing activity of Xwnt8 (Fig. 1E) , it does not downregulate Xbra expression at least at relatively low doses, whereas Frzb1 does (Fig. 1D) , as do other artificial inhibitors of canonical Wnt signaling, such as dominant negative Xwnt8 or dominant negative Tcf3 (Vonica and Gumbiner, 2002) . Moreover, whereas Crescent blocks activin-induced animal cap elongation, Frzb1 fails to do so (Fig. 2) . On the other hand, knockdown of Crescent by MO leads to the reduction of anterior marker gene expression (Fig. 9Cb) . These data suggest three possibilities that: (1) inhibition of CEMs leads to reduction of head structure possibly due to incomplete separation of the head organizer from the trunk organizer; (2) while Crescent strongly interacts with non-canonical Wnt signaling, it inhibits the activity of canonical Wnt ligands other than Xwnt8; and (3) Crescent acts as a canonical Wnt antagonist by interacting with Frzb-1 in the head organizer, because we observed that Crescent and Frzb-1 synergistically anteriorize the embryos when co-expressed (M.S. and M.T., unpublished data). As for possibility (2), it was recently reported that maternal Xwnt11 is also an activator for canonical Wnt signaling required for dorsal axis formation upstream of b-catenin, suggesting that Xwnt11 changes its activity in a developmental context dependent fashion probably through some cofactors such as FRL1 (Tao et al., 2005) . Therefore, it is possible that zygotic Wnt11 can activate the canonical Wnt pathway to some extent, which can be modulated by Crescent. However, because crescent expression is not detected before midblastula stage by Northern blot analysis (Shibata et al., 2001) , it is unlikely that maternal Wnt11 is an inhibitory target of Crescent. As for possibility (3), it is interesting to speculate that Crescent and Frzb1 form a complex, as discussed above (Bafico et al., 1999; Dann et al., 2001) , in the head region to inhibit canonical Wnt signaling, whereas Crescent also acts as a non-canonical Wnt modulator across the cell in the posterior region as suggested by the fact that Crescent, unlike typical sFRPs including Frzb1 (Jones and Jomary, 2002) , lacks a Netrin-like domain which is thought to bind heparan-sulfate proteoglycans, components of the extracellular matrix, and by a previous study showing that Crescent can be secreted effectively into cell culture medium (Pera and De Robertis, 2000) . ratio of the Dlx3-negative region (neural plate) were measured. The vertical axes in (g) and (h) indicate arbitrary units and the width per length ratio, respectively. The width and length of the Dlx3-negative region were defined as indicated in the bottom panel (h). Because similar results were obtained from at least two independent experiments, a representative experiment is shown. The number of samples (no) The anterior neuroectoderm displays negligible CEMs relative to the posterior neural plate (Keller et al., 1989; Winklbauer and Keller, 1996) . Because Crescent is expressed in the anterior endomesoderm underlying the anterior neuroectoderm, and can form a complex with Xwnt11 and negatively regulate its activity in neural tissue as described above, it is likely to play a role in the inhibition of CEMs in this region. A similar scenario to explain how CEMs are excluded from the anterior region was proposed previously by Morgan et al. (1999) , in which XclpH3, the Xenopus orthologue of mammalian calponin, is expressed in the anterior neural plate and inhibits CEMs, probably by preventing the sliding of actin filaments over a myosin substrate (Shirinsky et al., 1992) . Expression of XclpH3 is directly upregulated by Xotx2 and its expression domain overlaps that of Xotx2 in the anterior region (Morgan et al., 1999) . Crescent is not activated by Xotx2 alone nor by a combination of Xotx2 and Xlim1/Ldb1 (M.S., T. Mochizuki, and M.T., unpublished data), whereas it is synergistically upregulated by a combination of Xlim1/Ldb1 and Siamois (Shibata et al., 2000) . These data imply that the mechanisms that inhibit CEMs in the anterior neuroectodermal region are generated by several distinct sets of transcription factors.
Another possible function of Crescent in the axial mesoderm is to convey Xwnt11 or Xwnt5a anteriorly from the most posterior region (see Fig. 5 ), and to enhance their activity in the entire posterior region. Enhancement of Xwnt11 activity by Crescent is seemingly contradictory to the morphological observation that the anterior endomesoderm also displays negligible CEMs (Keller et al., 1989; Winklbauer and Keller, 1996) . Recently, it was reported that interactions between anterior and posterior mesodermal tissues per se initiate CEMs (Ninomiya et al., 2004) , suggesting that the anterior-posterior polarity in addition to the Wnt PCP pathway regulates CEMs in the mesoderm. However, the molecular basis of the anterior-posterior polarity for CEMs is not known yet, and this model does not explain why CEMs is excluded from the anterior mesoderm. Because crescent is specifically expressed in the head organizer region (Shibata et al., 2000) , and MO-mediated knockdown of Crescent function leads to shortened body axis with a reduced head (Fig. 9) , it is still possible to speculate that Crescent has a role in the segregation of the head organizer from truck organizer. If so, it is interesting to examine the mechanisms in which Crescent inhibits CEMs in the anterior region and enhances them in the posterior region probably by regulating Dsh-independent and Cdc42-midiating pathways of non-canonical Wnt signaling.
We have shown here for the first time the evidence for functional and physical interactions between the sFRP family members and those Wnts that transduce noncanonical signaling, and for context-dependent modulation of non-canonical signaling and cell movements by Crescent. Further comprehensive analysis of Crescent and Frzb1 should provide clues to better our understanding of the molecular mechanisms by which the anterior territory is established, and of how CEMs in the mesoderm and neuroectoderm are regulated along the anterior-posterior axis. The role of Crescent in the formation of the heart and pronephros also remains to be clarified.
Experimental procedures
Manipulation of Xenopus embryos
Artificial fertilization, culture of embryos, and animal cap assays were performed as described previously (Hikasa et al., 2002; Shibata et al., 2001) . Embryos were staged according to the criteria of Nieuwkoop and Faber (Nieuwkoop and Faber, 1967) . Animal caps were treated with human activin A (190 pM; Genzyme Techne) until sibling stage 19.
Plasmid constructs for mRNA injection experiments
To generate pCS2C constructs for making mRNA, coding sequences were PCR-amplified and cloned into the pCS2C or pCS2CMT vector. The names of constructs, and the sequences around cloning sites are as follows (cloning sites are underlined, capital letters indicate the first/last coding sequences): pCS2CXcrescent, 5 0 -gaattccacc ATG/ TAG tctaga-3 0 ; pCS2CXwnt3a-Myc, 5 0 -ggatccacc ATG/AAG ggatcc-Myc tags-3 0 ; pCS2CmWnt4-Myc, 5 0 -ggatccacc ATG/CGG aatcgat-Myc tags-3 0 . C-terminally FLAG-tagged constructs, pCS2CXcres-FLAG and pCS2C frzb1-FLAG, were generated by introducing the FLAGcoding sequence into pCS2CXcrescent and pCS2Cfrzb1 constructs, respectively, using an in vitro site-directed mutagenesis system (GeneEditor, Promega). A deletion (nucleotide nos 146-205/amino acid nos 40-59 in the sequence of accession number AF260729) was introduced by the two-round PCR method into the CRD in pCS2C Xcres-FLAG to generate pCS2CXcres-FZD1-FLAG. The absence of PCR-generated mismatch sequences was confirmed by sequencing. We also used pCS2CXwnt5a-Myc, pCS2CXwnt8-Myc, and pCS2CXwnt11-Myc, pCS2CExfz7-FLAG (a C-terminally FLAG-tagged Xfz7 ectodomain construct) (Hikasa et al., 2002) , pCS2CMT-Dsh (an N-terminally Myc-tagged Dsh construct) (Sokol, 1996) , and pCS105-XBF2, which was isolated as a clone with neuralizing activity in animal cap assays during screening by Osada et al. (2003) . The constructs in the pCS2C and pCS2CMT vectors were linearized with NotI, pCS105-XBF2 was linearized with AscI, and mRNA was synthesized as described (Hikasa et al., 2002) . mRNA encoding nuclear b-galactosidase (nb-gal) was coinjected at 30 pg per embryo as a lineage tracer, and the enzyme activity of nb-gal was visualized using Red-Gal (Research Organics) as substrate. Some embryos stained with the b-gal reaction were subjected to whole-mount in situ hybridization.
Whole-mount in situ hybridization
Antisense digoxigenin (DIG)-or fluorescein isothiocyanate (FITC)-labelled RNA probes were synthesized using DIG RNA Labeling Mix (Roche) or Fluorescein RNA Labeling Mix (Roche), respectively, with T7 or T3 RNA polymerase. An XmyoDa cDNA clone (1.2-kb insert), which was isolated in our previous study (Shibata et al., 2001) , was used as a template for the probe. Whole-mount in situ hybridization was performed manually or with the automated in situ hybridization systems, AIH101 and AIH201 (Aloka), according to the method of Harland (Harland, 1991) . Hemisections of embryos were produced as previously described (Shibata et al., 2001 ). For doublestaining analysis, mixed DIG-and FITC-labelled RNA probes were used. The first staining was performed with anti-FITC antibody conjugated with alkaline phosphatase (AP) and 5-bromo-4-chloro-3-indolyl phosphate (BCIP; Roche), followed by methanol treatment to inactivate AP. The second staining was performed with anti-DIG antibody conjugated with AP and BM Purple (Roche). To photograph specimens, dehydrated embryos were placed in small holes on a 1% agarose plate that had been dehydrated by soaking several times in methanol.
Sectioning
Stained embryos were embedded in paraffin and sectioned at 15 mm. Nuclei were stained with 400 ng/ml DAPI (Sigma) in 2X SSC.
Immunoprecipitation and western blotting
Coimmunoprecipitation and western blotting of Wnt proteins were performed according to the method of Djiane et al. (2000) with some modifications (Hikasa et al., 2002) . Embryos were coinjected with 500 pg mRNA encoding Myc-tagged Wnts together with mRNA encoding Crescent-FLAG, Cres-FZD1-F, Frzb1-FLAG, or Exfz7-FLAG, in the animal pole region at the two-cell stage. Detection of phosphorylated Dsh by immunoprecipitation and western blotting was carried out basically according to Tada et al. (Heisenberg et al., 2000) , except that anti-mouse Ig monoclonal antibody conjugated with Alexa Fluor 680 (Molecular Probes) was used as secondary antibody, and blotted membranes were visualized with the infrared imaging system, Odyssey (Aloka). The intensities of FLAG-tagged Crescent and Frzb1, and Myc-tagged Wnt protein bands visualized by chemiluminescence were estimated using a film scanner (Epson) and Basic Quantifier software (Genomic Solutions).
Design of antisense morpholino oligo
The antisense morpholino oligo used to knockdown Crescent expression, cresMO (5 0 -GAAGAACTACT-TACTTCTACGGGTA-3 0 ), was purchased from GeneTools LLC. It spans the exon 1-intron 1 boundary of X. laevis crescent genome to block pre-mRNA splicing (Draper et al., 2001) . Determination of sequence encompassing exon 1-intron 1 boundary is as follows: after deducing the position of exon 1-exon 2 junction in the X. laevis crescent cDNA by the comparison of Xenopus/ Silurana tropicalis crescent genome (TKS377742.x1 and TKS311489), X. laevis crescent genome DNA fragment covering intron 1 was PCR-amplified with primers specific to exon 1 and exon 2 (forward, 5 0 -TGGCTCTACCCGTA-GAA-3 0 ; reverse, 5 0 -AGTCTCTACAGCTGGCT-3 0 ) and sequenced. We used standard oligo (stdMO: CCTCTTACC TCAGTTACAATTTATA) and five mismatched oligo (5 mm: GAAcAAaTACTTAgTTCTAaGGcTA) of cresMO as control.
RNA isolation and RT-PCR
Total RNA was extracted at stage 10 or 11 from MOinjected embryos by proteinase K-phenol extraction as described (Itoh and Sokol, 1997) . cDNA was made from DNase-treated RNA using a Superscript first strand synthesis system (Invitrogen). RT-PCR was carried out as previously described (Itoh and Sokol, 1997) to amplify the region spanning exon1-intron1 boundary of crescent cDNA with the following primers: forward, 5 0 -AGCTCCTCAA-GATGCATGC; and reverse, 5 0 -AGTCTCTACAGCTG GCT-3 0 .
